The purpose of this study was to determine the interrelationship of the rise and fall of 2,3-diphosphoglycerate (DPG) with the increase in adult hemoglobin and the decrease in red cell oxygen hemoglobin affinity after birth in normal lambs. It was found that the mean maximum DPG level was 26.71 & 4.98 mol/g Hb at 7.5 & 1.1 days. At the same time the mean P,, and adult hemoglobin level was 27.0 =!= 1.4 mm Hg and 31.1 =!= 11.1%, respectively. In the individual lambs, the level of their maximum DPG correlated inversely with the amount of adult hemoglobin ( r -0.77, P < 0.05).
Extract
The purpose of this study was to determine the interrelationship of the rise and fall of 2,3-diphosphoglycerate (DPG) with the increase in adult hemoglobin and the decrease in red cell oxygen hemoglobin affinity after birth in normal lambs. It was found that the mean maximum DPG level was 26.71 & 4.98 mol/g Hb at 7.5 & 1.1 days. At the same time the mean P,, and adult hemoglobin level was 27.0 =!= 1.4 mm Hg and 31.1 =!= 11.1%, respectively. In the individual lambs, the level of their maximum DPG correlated inversely with the amount of adult hemoglobin ( r -0.77, P < 0.05).
Once the DPG began to decrease, there was an inverse correlation between the DPG and the adult hemoglobin present in the red cell ( r = 0.68, P < 0.001). It appeared that the rise in DPG postanatally is only a compensatory mechanism until an adequate amount of adult hemoglobin is present. This fact was borne out by the second part of the study in which exchange transfusions with adult red cells were performed on five newborn lambs during the first 24 hr after birth and aborted the rise in DPG.
Speculation
The adaptation from the in utero to the extrauterine environment requires a rapid reduction in red cell oxygen affinity. The decrease in oxygen affinity is achieved by a transitory postnatal increase in intraerythrocyte DPG.
During in utero life the role of high affinity fetal blood is to provide a physiologic advantage that facilitates oxygen transport across the placenta. After birth a more efficient extraction of oxygen by the tissues is needed which is accomplished by the lowered affinity of adult blood.
It was Battaglia et al.
(1) who demonstrated in newborn lambs that p H across the red cell and DPG concentration within the red cell both increase as there is a marked decrease in oxygen affinity compared with fetal blood. Similar postnatal changes in human red cells, although much less pronounced, hBve been described by Versmold et al. (6) .
In order to further the understanding of the great transitory increase in DPG during the first weeks of life in the newborn lamb, the following studies were planned: (1) to follow sequentially in the same animal the rise and fall of DPG, the percentage of adult and fetal hemoglobin along with changes of the oxygen dissociation curve; and (2) to repeat the above study after having provided the newborn animal with an adult oxygen hemoglobin dissociation curve within hours after birth.
MATERIALS AND METHODS
Mixed breed newborn lambs (Dorset and Suffolk) were used in this study. The experiment was divided up into two sections. The first part was to sample postnatally at 3-to 5 day intervals via the jugular vein normal newborn lambs and to correlate their erythrocyte DPG, P,,, a d p r o p o r t i o n of adult and fetal hemoglobin with postnatal age.
Erythrocyte DPG concentration was determined on fresh heparinized blood according to the method of Keitt (5) and expressed as micromoles per g Hb. The reagents were obtained from Sigma Chemical Company (7).
The P,, was determined by gas mixing tonometry using a IL 217 blood gas laboratory (8) (213 blood gas analyzer, 237 tonometer, 208 gas mixing system, and 182 co-oximeter). The P,, values were expressed at a temperature of 3 7 O , pH 7.40, and pCO, of 40 mm Hg.
Samples of fresh blood were equilibrated in a tonometer for 30 min at 37' with gas mixtures containing 40 mm H g (& 0.05 mm Hg) CO, and varying proportions of 0, and N,. The tonometer permitted an equilibration and sampling of successive aliquots of blood at different 0, tensons. Measurement of 0, saturation, pH, and PO, provided the information for plotting the 0, dissociation curve and P,,. PO, was always converted to pH 7.4 using a Bohr effect of 0.46 (4) .
The oxygen saturation obtained by use of the co-oximeter was checked by determining the oxygen contents of blood samples equilibrated in the tonometer by use of the Lex-0,-Con (9).
The percentage of adult and fetal hemoglobin was obtained by 
RESULTS
The sequential postnatal rise and fall of erythrocyte DPG, the percentage of adult and fetal hemoglobin, and changes in P,, are illustrated in Figure I . At less than 24 hr of age the mean value of DPG was 2.82 * 1.2. There was then a rapid rise which reached a mean maximum level of 26.71 * 4.98 a t 7.5 days (+ 1.1). Once the peak was attained there was a rapid decline and at the end of the study period (20-24 days) the mean value was 9.63 + 3.73.
The simultaneous studies of whole blood oxygen dissociation curves demonstrated that at less than 24 hr of age there was a mean P,, of 18.0 * 1.1. When the maximum level of D P G was reached, the average P,, was 27.0 * 1.39 and at the end of the study period the mean P,, had reached 28.2 + 1.6.
Also noted was an increase in adult hemoglobin in relation to postnatal age in the same group of animals. During the first extrauterine day, the percentage of adult hemoglobin was 16.7 =I= 2.5. At the time of the maximum D P G concentration the mean percentage of adult hemoglobin was 3 1.1 * I 1.1. By the end of the study the values had increased to 60.8 =I= 15.3%.
O n the day the maximum level of DPG was reached, there was a statistically significant inverse correlation between the amount of adult hemoglobin and the quantity of D P G (P < 0.05, r = 0.77).
During the period when the DPG levels declined, its concentration was inversely related to the amount of adult hemoglobin (r = 0.68, P < 0.001).
T o confirm that there is an interaction of the type of hemoglobin and DPG levels postnatally, exchange transfusions were performed soon after birth ( I 3 * 6 hr) on five newborn lambs.
The effects of the exchange transfusion on P5, and DPG are shown on Figure 2 . The exchange transfusion provided the newborn lambs with a lower hemoglobin oxygen affinity and the impressive rapid postnatal rise in D P G did not occur.
DISCUSSION
In sheep the fetal and adult hemoglobin values intrinsically have a wide difference on oxygen affinity; their adult red cells have very minimal amounts of DPG and maintain a low oxygen affinity compared with the fetal red cells. The postnatal rise of DPG in newborn lambs lowers the oxygen affinity of the red cells by decreasing the intraerythrocyte pH (I).
The newborn lamb, in order to rapidly switch from a high to low oxygen affinity before the amount of adult hemoglobin is adequate enough to provide the low affinity needed, makes use of the rapid rise of DPG as a compensatory mechanism for the presence of high affinity hemoglobin in the extrauterine environment.
use of DEAE-Sephadex A-50 chromatography as described by Dozy et al. (3) Six newborn lambs whose adult hemoglobin was of the BB type were included in the first part of the study (one of the lambs did not have serial P,, values taken).
The second part of the study consisted of performing an exchange transfusion on five newborn lambs during the first day after birth and then repeating the same determinations in the exact manner as was done in the first part of the experiment. The exchanges were equivalent to 1-2 times the estimated newborn blood volume (8% of body weight). The hematocrit of the donor blood was increased to the level of that of the newborn by the removal of some of the plasma.
Significant limits for correlation were determined by calculation of the correlation coefficients. The results are expressed as mean values + standard deviation. 
SUMMARY
This study demonstrates that the newborn lamb, in order to adapt to extrauterine life, requires erythrocytes with a lower oxygen affinity than that which existed near the end of fetal life. But because the red cells at birth contain predominantely fetal hemoglobin, an adequate P,, can only be attained by a marked increase in red cell DPG. The amount of DPG required depends upon the quantity of adult hemoglobin present within the red cell at birth. When enough DPG has been attained for an adequate postnatal P,, the quantity then decreases synchronously with the increase in adult hemoglobin in an orderly fashion so that adequate P,, values are maintained. The need for a rise in DPG concentration postnatally can be aborted by providing the newborn lamb with adequate amounts of adult hemoglobin, such as by an exchange transfusion with adult blood.
